a Lappaconitine (LC) is a natural diterpenoid alkaloid (DTA), acting as a human heart sodium channel blocker and possessing a wide range of biological activities, the cellular and molecular mechanisms of which are widely studied. This interest is due to the fact that various representatives of this DTA class show opposite biological activities. The possible reasons for this difference seem to be related to the peculiarities of the substituent effect on the drug-receptor binding process. In this work, the influence of substituents on the reactivity of LC and its derivatives has been studied by using elementary processes of photodecomposition. The given approach includes the joint analysis of the photophysical properties of the studied systems and their photodecomposition quantum yields. It allows us to trace the influence of substituents, located in the diterpenoid skeleton and anthranilic fragment, on processes in both moieties of LC. Summarizing the data obtained, an inverse dependence of fluorescence and photodegradation quantum yields has been observed. This correlation established for LCs, in particular, allows one to propose a way to evaluate the photostability of potential drugs based on fluorescence analysis. This would be appropriate for compounds in which the reactivity depends on intersystem crossing, i.e. in the cases where the initial and reacting excited states differ in multiplicity.
Introduction
Lappaconitine (LC) is a natural diterpenoid alkaloid (DTA) that possesses a wide range of biological activities, including antiarrhythmic, 1 anti-inflammatory, [1] [2] [3] antioxidative, 3 anticancer, 4 epileptiform 5, 6 etc. It is widely used for pain-control management in China. Furthermore, lappaconitine hydrobromide (Allapinin) represents a class of antiarrhythmic drugs in the Russian Federation. 7 DTAs as well as LC, isolated from the plants of genera Aconitum, comprise a large group of antiarrhythmic and arrhythmogenic agents. 8 So, one of the arrhythmogenic agents, aconitine, a site 2 sodium channel neurotoxin, induces severe neurological symptoms and cardiovascular collapse. 9 This is even more interesting because studies at the cellular level have shown that LC and aconitine bind to the sodium channels in a similar way. Nevertheless, the binding mechanism of both toxins has not yet been established. However, it is supposed that LC can bind to the open sodium channels by several ways, including penetrating the membranes or directly into the pores, and blocking the receptors by the allosteric mechanism. And studies of the cellular mechanisms of LC and aconitine action have shown that they bind to the same or similar receptors. 9 This binding is considered to occur with the participation of diterpenoid skeletons, identical for LC and aconitine. 9 In view of these facts, the researchers arrived at a conclusion that differences should be sought in the influence of the substituents located in the diterpenoid skeleton. 9 Attempts to trace the "structure-property" relationship of a few DTAs have been made in a review. 8 The principal problems in establishing any regularity arise from the fact that DTAs, both antiarrhythmic and arrhythmogenic, contain almost the same set of substituents, viz., there are one ethyl group at the nitrogen atom in the DTA fragment, several hydroxy and methoxy groups, and one aromatic substituent. The latter is the fragment of benzoic or anthranilic acid (AA). Antiarrhythmic and arrhythmogenic DTAs mainly differ from each other in the arrangement of these substituents. Thereby LC and the strongest toxin -aconitine -have different aromatic substituents with different localization. So, the N-acetyl-AA fragment of LC is located at the 4 position, whereas the benzoyl residue of aconitine is at the 14 position (Fig. 1) . In view of this, the aromatic substituent plays a significant role in the therapeutic activity of DTA. In this report, we made an effort to establish the structure-property relationship by the example of substituted (not natural) LCs, varying the acceptor properties of the aromatic fragment. Furthermore, we will study the impact of the steric and electronic effects of substituents on the elementary process of intramolecular electron transfer (ET) between diterpenoid and N-acetyl-AA moieties. Moreover, photoinduced ET has been successfully used in several studies to aid in understanding the peculiarities of biological processes, including drug-receptor binding. [10] [11] [12] The use of ET for modelling biological processes is advantageous when the processes of drug-receptor binding include charge redistribution. For instance, it might be the formation of hydrogen bonds and complexes with charge transfer. 12 In the case that a DTA binds to the sodium receptors via the diterpenoid fragment according to ref. 9, the donor ability of the nitrogen atom in the 20 position will play the main role. If, as it has been supposed in ref. 10 , the binding process involves the charge transfer between the AA moiety and amino acid residues located in receptor active sites, the acceptor ability of the AA moiety will be the main factor.
Therefore, we expect that the effects of substituents on the ET between N(20) and AA fragments of modified LCs to some extent will be useful for understanding the impact of substituents on LC binding. Although substituted LCs in this study (see Fig. 1 ) have rather different substituents from natural DTAs, one can assume that the same steric and electronic effects will determine their influence on the binding mechanism. The given approach, including the study of ET, allows one to trace the effect of substituents on both parts of DTA molecules. It is noteworthy that for the modified LCs from Fig. 1 , a detailed mechanism of photolysis has been established by CIDNP and EPR analysis in previous studies. 10, [13] [14] [15] [16] According to these studies, a photoreaction begins from the partially reversible intramolecular electron transfer (ET) between nitrogen located in the diterpenoid skeleton and the AA fragment with a subsequent cleavage of the ether bond. Since the anthranilic fragment is a chromophore in these molecules as well as a potential electron acceptor in redox processes, substituents have a significant impact on the efficiency of ET and subsequent photodegradation, respectively. It has been suggested that the photocleavage of LC derivatives depends on the proportion between singlet and triplet excited states. 16 To understand the nature of the influence of substituents and their impact on the formation of singlet and triplet excited states, this report is focused on the examination of the photophysical properties of LC and its substituted analogues and their photodecomposition quantum yields. It should be noted that, in contrast to LC, the photophysical properties of many other ethers of anthranilic acid (AA), to which LC relates, are broadly investigated. [17] [18] [19] [20] [21] [22] 18 and N-acetyl-menthylanthranilate. 19 In this regard, and because the anthranilic part of lappaconitine is a chromophore in this molecule, in this paper we will compare the photophysical properties of LC and its derivatives with those of MA. This work includes the investigation of fluorescence lifetimes and fluorescence and photodecomposition quantum yields. In addition, we have analysed the products of phototransformation by 1 H-NMR. The final purpose of this study is to establish the "structure-property" relationship by studying the correlation of the photophysical properties (fluorescence lifetimes and quantum yields) of LC and its derivatives with the photodegradation effectivity of these compounds. In particular, we are going to trace the contribution to the reactivity from singlet and triplet excited states and the impact of the substitution on the ratio of these states. The advantages of this approach are that the characteristics of the chromophore fluorescence will reflect the influence of all substituents, including those located in the diterpenoid skeleton.
Experimental
Materials LC was isolated from the root of Aconitum septentrionale Koelle in accordance with the known procedure 23 before using an additional purification procedure by recrystallization from methanol. The synthesis of substituted LC was described in ref. 24 and 25 ; the compound was purified by recrystallization from methanol. Methanol and deuteromethanol (Aldrich, D 99.8%) were used as solvents. The typical LC concentration was about 10 −5 M.
Instrumentation
All UV spectroscopic measurements were performed using a quartz cuvette of 1 cm optical length. Methanol was used as a solvent. Spectra and kinetic curves of luminescence were recorded with an Edinburgh Instruments FLSP-920 spectrofluorimeter with either a Xenon lamp or a laser diode EPLED-300 (λ ex = 300 nm, pulse duration 0.6 ns) as excitation sources. Each sample was bubbled with argon for 30 min to remove dissolved oxygen just before the experiments. The absorption spectra were recorded using an Agilent 8453 spectrophotometer.
The steady state photolysis experiments of LC in deoxygenized solutions were performed using an excimer lamp (λ = 308 nm) as a light source. The intensity of light was measured by using a SOLO-2 "Gentec" power meter. The process of photolysis was monitored using UV and 1 H-NMR spectroscopy. 1 H-NMR experiments were performed with a Bruker AVHD (500 MHz 1 H operating frequency, τ (90) = 11.2 μs) NMR spectrometer.
Methods
Fluorescence quantum yields (φ) were determined by integrating the corrected emission spectra and using a solution of anthracene in methanol (φ = 0.27) as a standard. 18 For the determination of φ the calculation using the following equation
where I x and I st are the integrals normalized to the magnitude of absolute absorption of the test substance and standard, respectively, has been made. Fluorescence lifetimes have been obtained from kinetic data by using the convolution of the instrument response function with the monoexponential function.
The photodecomposition quantum yield of LC was estimated using changes in absorbance from the time of irradiation. Absorbance data were fitted to an exponential decay of the form
ð2Þ using a fitting function that optimized y 0 , A 1 and t 1 . The value (y 0 + A 1 )/y 0 corresponds to the ratio of extinction coefficients of the initial LC and a product of photoreaction. Using this approach, we found a difference in extinction coefficients and concentration respectively. The rate of reaction is equalled to the following value
where Δε is the difference in extinction coefficients, M
V is the irradiated volume of the sample, ml; and N A is Avogadro's constant. As a result, the quantum yield of photodecomposition is
where W a is the rate of light absorbance, determined by
where I a is the intensity of light, λ ex = 308 nm, h is the Plank constant, and c is the speed of light. Simultaneously, the process of LC photodecomposition was monitored by 1 H-NMR. The aliquots were taken before UV irradiation and after 5, 10, and 23 minutes of irradiation with an excimer lamp. In order to verify the photodecomposition quantum yields, calculated from the absorbance data, we analysed the NMR signals of the initial LC and its photoproducts and calculated the quantum yields from the NMR data. The changes of LC concentration ( proportional to the integral intensity of NMR signals) were fitted to an exponential decay of the form mentioned above. The parameter y 0 was fixed and equalled to zero since the signals of the initial LC were observed completely decaying during the photoreaction. The comparative analysis of quantum yields has shown an agreement within 10%.
Results

Absorption spectra
The UV absorption spectra of MA, LC and its derivatives in methanol are shown in Fig. 2 . As can be seen in Fig. 2 , the blue shift of the LC long-wave absorption band compared with MA is observed in the UV spectrum. In the literature 26 the same effect has been studied, the UV absorption spectra of N-acetyl-AA relative to the spectrum of AA, and it has been described and interpreted in terms of the electronic and steric impacts of the substituents. The blue shift and reduction in the intensity of the longwave band relative to the spectrum of AA have been attributed to the increase in conjugation of the system following acylation of the amine group and reduced conjugation between the nitrogen atom and the aromatic ring arising from the loss of planarity of the molecule, respectively. The extinction coefficients of LC and its derivatives are presented in Table 1 . 
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Steady state photolysis
As shown in Fig. 3 , the UV light irradiation at 308 nm of LC generates spectral changes corresponding to the photocleavage.
We observe from Fig. 3 that there is not only one process in the photolysis of LC (see Fig. 4 ). Approximately, after 20 min of irradiation with an excimer lamp, the isosbestic point at 298 nm disappears and the second phototransformation process begins. To understand what processes occur in the given system under UV-irradiation, we studied the products of photolysis by NMR spectroscopy.
H-NMR spectra
The products of LC photodecomposition can be identified from Fig. 5 . In Fig. 5 , we compare the NMR-spectra of aromatic areas for AA (green), initial LC (blue) and a mixture of LC and its photoproducts (red). Comparing the NMR-spectra of LC and AA we conclude that LC phototransformation involves the accumulation of the main reaction product N-acetyl-AA, and its further photolysis through the deacylation with the formation of AA. The signals, in the region of the aromatic proton resonance, two doublets located between 7.70 and 8.00 ppm and a singlet at 8.40 ppm, can be presumably attributed to the products of the photo-Fries rearrangement (5-methyl-2-aminobenzoic acid and 5-aceto-2-aminobenzoic acid (see Fig. 4) ). Two doublets located at 7.26 and 7.00 ppm might belong to 3-aceto-2-aminobenzoic acid or 3-methyl-2-aminobenzoic acid (Fig. 4) . Furthermore, these doublets may be ascribed to the compounds formed in reactions 5.2 or 5.1 (a full scheme is presented in Fig. 7) , if one supposes that two missing triplets are overlapped with the signals of the main products or the initial compound (7.20-7.30 ppm, 7.50-7.60 ppm).
Thus, according to the analysis of the aromatic region of the NMR spectra of the reaction mixture, it contains the following photoproducts: LC as the starting material, N-acetyl-AA, AA and presumably the photo-Fries rearrangement products. The products of the diterpenoid fragment transformation coincide with those identified earlier for LC. 14 
Fluorescence measurements
The emission spectra of LC and MA in methanol are shown in Fig. 6 and demonstrate emission maxima at 375 and 410 nm, respectively. The quantum yields and lifetimes are given in Table 2 .
A comparison of the fluorescence quantum yields and lifetimes of LC and MA has shown the appreciable reduction of these values for LC. The value of τ fl for LC is three times less than that of MA and almost two times less than that of N-acetyl-MA. According to ref. 27 , the high quantum yield of fluorescence and a red shift in the luminescence and absorption spectra of N-deacetyl LC compared to those of LC can be explained by an increase in the electron releasing ability of the -NRH group following the deacetylation. In addition, the shortening of the LC fluorescence lifetime (2.15 ns), in comparison with N-acetyl-AA (4 ns), is most likely to reveal the process of the fluorescence quenching of the anthranilic fragment through the previously described ET from the amine group of the alkaloid to the anthranilic fragment. 10, [13] [14] [15] [16] In this connection, the difference between LC and MA fluorescence quantum yields and lifetimes is caused by two factors: the influence of the acetyl group leading to the loss of the molecular planarity and a decrease of the electron-donating character of the amine group towards the aromatic moiety and the process of intramolecular ET. Table 2 summarizes the fluorescence data obtained for all derivatives of LC.
As can be seen from the table, the introduction of additional substituents in both the anthranilic fragment and diterpenoid (the substitution of the ethyl group for the nitrogen atom by H and benzyl) does not lead to significant changes in the lifetime of fluorescence.
Discussion
The full scheme of LC transformation under UV-irradiation is presented in Fig. 7 . The stages 1-4 and 6-7 have been established earlier by the analysis of spin effects, 10,13-16 while steps 5.1-5.3 are proposed based on the analysis of the NMR spectra of photolysis products in this work. The photolysis of N-acetyl-AA is considered to involve a cleavage and photo-Fries rearrangement. 20 So, it has been shown that the N-acetyl-AA solution after UV-irradiation becomes a mixture of the starting material, AA, 3-aceto-2-aminobenzoic acid, and 5-aceto-2-aminobenzoic acid, all products of cleavage and rearrangements. Despite the fact that this is a minor process, this may be important because the photo-Fries rearrangement is accompanied by the formation of short-lived paramagnetic intermediates, leading to the formation of short-lived free toxic radicals. The latter are known to be the cause of damaging effects on cellular structures such as cell membranes or DNA.
The singlet-excited state of AA compounds is known to fluoresce, and undergo non-radiative deactivation or intersystem crossing with the formation of the reactive triplet excited state. [18] [19] [20] Since the photodegradation of LC has been established previously occurring from the triplet-excited state, an attempt was made to evaluate the quantum yield of the LC triplet state using nanosecond laser flash photolysis. However, an extremely low triplet quantum yield was observed φ T = 0.008. We attribute this to the fact that the rate constant of ET has to be substantially high (10 8 -10 9 s −1 ), as follows from the manifestation of the initial LC CIDNP effect. 10, [13] [14] [15] [16] It allows us to observe only a little effective yield of the triplet state. Therefore, to trace the contribution of singlet and triplet excited states to LC photodegradation one can only compare fluorescence and photodecomposition quantum yields, taking into account the decomposition considered to occur through the triplet-excited state. 10, [13] [14] [15] [16] According to the modern point of view, intersystem crossing between singlet and triplet excited states in compounds, involving closely located amine and carbonyl groups, might be caused by the vibrational interaction between close-lying S 1 (π,π*) and S 2 (n,π*) states. 28 This interaction leads to a large increase in the non-radiative decay rate of the lowest excited singlet state. At the same time, intermolecular hydrogen bonds, changing the planarity of the nitrogen atom, conversely result in level stabilization and intersystem crossing to a T 1 (n,π*) triplet state. 28 The influence of intra-and intermolecular hydrogen bonds on the LC photoinduced processes was proved in ref. 15 . The authors observed decreases of LC photodegradation when it was solubilized in glycyrrhizic acid. This phenomenon was explained on account of the intramolecular hydrogen bond influence on the deactivation pathways of the LC singlet excited state. Hence, it can be seen that there are factors contributing to the effectivity of either the radiative or the non-radiative decay of the LC singlet excited state and the decrease of its internal conversion into the reactive triplet state. We assume that the introduction of other substituents into the diterpenoid part of LC or in its anthranilic fragment can also affect the singlet-triplet crossing through the changing steric and electronic effects. Furthermore, we compared the fluorescence and photodecomposition quantum yields of LCs, in which the substituents are located in the anthranilic fragment. The result of this comparison is the inverse qualitative correlation between the quantum yield values of fluorescence and photodecomposition for various LCs (Fig. 8) .
At the same time, the data related to LC4 need some clarification. It was excited at two wavelengths (300 and 375 nm). The value of the fluorescence quantum yield obtained at 375 nm was used for correlation in connection with the following circumstances. Firstly, LC4 shows a minimal photodecomposition quantum yield (Table 2) , and its absorption spectrum is noticeably shifted to the long-wavelength region by contrast to other derivatives (Fig. 2) . Secondly, it is known from the study of substituted LC photolysis by the CIDNP technique that in the case of aromatic substituents containing functional groups, a substituent also participates as a partner in the ET. 16 In the case of LC4, biradical zwitterions (BZ) are likely to be formed with positive centers both on the nitrogen of the diterpenoid skeleton and on the amino methyl pyridine (Fig. 9) . If the amino methyl pyridine is involved in the ET process, then one can expect that the BZ, where the donor is separated from the acceptor by the acetylene bridge known to have high conductivity, will be more effective in the reversible ET. The back ET will lead to a decrease in the quantum yield of photodecomposition. In this case, it is reasonable to use for the correlation the value of the fluorescence quantum yield, measured at the wavelength of the excited substituent (375 nm). Thus, the above correlation confirms the relationship between the photophysical properties and the reactivity of LC and its derivatives, assumed in ref. 16 . Since the substituents in compounds LC1-LC4 have rather weak multidirectional effects and all of them include a rigid acetylene bridge, one can expect that they are likely to change the geometry of the molecule. Indeed, according to the reference data in LC hydrobromide salts, the nitrogen atom in the diterpenoid is protonated and forms an intramolecular H-bond with O-C 1 causing the "boat" conformation of ring A (see Fig. 10 ). 29 On the other hand, the absence of an intramolecular H-bond leads to the change of the conformation to the "chair". Since the interaction of the drug with amino acid residues located in receptor active sites often involves the formation of hydrogen bonds, it is reasonably assumed that it would lead to a change in the conformation. Hence, the change of the binding conditions, depending on the location, for example -OH groups, takes place. 9 It might be one of the reasons of the difference between the binding of antiarrhythmic and arrhythmogenic DTA agents. At the same time, the changes of the fluorescence and photodegradation quantum yields of LC5 and LC6, where the substituents located at the nitrogen atom in the diterpenoid skeleton are altered from the ethyl group to hydrogen or benzyl, in comparison with LC, are very large. LC5 demonstrates extremely high fluorescence and photodecomposition quantum yields, while LC6 exhibits a high photodecomposition quantum yield.
In our opinion, this may mean not only a change of conformation, but also a change in the photoreaction mechanism due to electronic and steric factors. We assume that replacing of the ethyl group by -H and -CH 2 C 6 H 5 will decrease the electron-donating ability of the diterpenoid's nitrogen atom. One can expect that this will reduce the efficiency of the ET process and the breakdown of the ether bond will occur through a concerted mechanism, i.e. without the formation of intermediate radical particles. A previous investigation of LC5-LC6 by the CIDNP technique has shown the CIDNP effects similar to those observed for LC and other derivatives. 16 Since the CIDNP effects are known to reveal only the radical pathway of photoreaction, we can suggest for LC5 and LC6 the formation of most part of photoproducts via other mechanisms. In addition, the data in Table 2 demonstrate that the variation of substituents in the diterpenoid fragment seems to lead to more significant changes of photodecomposition quantum yields than the similar variation in the AA fragment. It is associated with more significant alteration in geometry (steric factors) and electronic factors in comparison with the changes caused by the variation of the substituents in the chromophore-anthranilic fragment. The significant effect of substituents located in the alkaloid fragment of LC may be important since this fragment is known to be involved in the process of DTA binding with the receptors.
Conclusion
Thus, it can be stated that electronic effects as well as steric hindrance make a significant contribution to the photophysical properties and the reactivity of LC and its derivatives. The analysis of the fluorescence and photodecomposition quantum yields shows the influence of substituents located in both parts of the DTA, the diterpenoid skeleton and the anthranilic fragment, on the photophysical properties and reactivity of LCs. This work also traces the relationship between these characteristics. Meanwhile, based on the establishment of a correlation between the quantum yields of fluorescence and photodegradation for different LCs, one can propose an approach for evaluating the photostability of other potential drugs. This approach would be appropriate for compounds in which, similar to LCs, the reactivity depends on intersystem crossing, i.e. in the cases where the initial and reacting excited states have different multiplicity.
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